Laboratory-reproduced and bred asps were experimentally infected with Contracaecum rudolphii larvae, either directly or with previously infected copepods. In the fish exposed to larval infection, the intensity and prevalence of infection were noticeably higher than in the group exposed to copepods. The course of larvae development was similar in both groups. In the larvae measuring ca. 1000 µm in length, the gastrointestinal tract with a developed ventriculus, ventricular appendix and intestinal caecum was clearly visible. The mouth was surrounded by three
INTRODUCTION
The Contracaecum rudolphii Hartwich, 1964 nematode is a cosmopolitan parasite of piscivorous birds (Amato et al. 2006 , Kanarek 2011 . As in most of the Anisakidae, its developmental cycle is complex and involves invertebrate animals and fish. Amongst the invertebrates, intermediate or paratenic hosts may include copepods, gammarids, ostracods and dragonfly larvae, while amongst the vertebrates, fish are common hosts (Huizinga 1966; Mosgovoy et al. 1968; Bartlett 1996; Dziekońska-Rynko, Rokicki 2007a) . The indispensability of both groups of hosts is, however, disputed by a number of authors (Mosgovoy et al. 1968; Szostakowska, Fagerholm 2007; Moravec 2009 ).
In Poland, the presence of nematode larvae in fish has been confirmed only in the case of round gobies Neogobius melanostomus (Pallas, 1814) and Crucian carps Carassius carassius (L., 1758) (Szostakowska, Fagerholm 2007) . The round goby is a species originating from the Caspian Sea, while in Poland it occurs in the Gulf of Gdańsk, Vistula Lagoon and the main outlet of the Vistula River where its presence was first detected in the 1990s (Kuczyński 1995 , Sapota 2004 .
Studies conducted with various species of experimentally infected fish have demonstrated that the development and location of larvae depend on the size of fish and type of invasive material applied (Huizinga 1966; Bartlett 1996; Dziekońska-Rynko, Rokicki 2007b; Dziekońska-Rynko et al. 2008 , 2010 .
In studies by Huizinga (1966) and Bartlett (1996) , in experimentally infected guppies -Lebistes reticulates (Peters, 1859) -the infection was transmitted directly through larvae hatched from eggs which rapidly penetrated the intestinal wall and migrated to the internal organs, while in larger fish -common mummichogs Fundulus heteroclitus (L., 1766) -the infection was transmitted with previously infected copepods and, in most cases, the larvae were encysted in the intestinal wall. Previous investigations (Dziekońska-Rynko et al. 2008 , 2010 conducted with goldfish Carassius auratus (L., 1758) showed that nematode larvae hatching from eggs may also become a source of infection to larger fish. However, despite administering a vast number of larvae to the aquarium or intragastrically, the intensity and prevalence of infection was very low. A very extensive study addressing the development of C. rudolphii larvae in experimentally infected fish was conducted by Moravec (2009) . That study demonstrated that out of the 13 fish species exposed to experimental infection only 4 remained noninfected: Leuciscus aspius (L., 1758), Alburnus alburnus (L., 1758), Rutilus rutilus (L., 1758), and Leuciscus cephalus (L., 1758) .
In this experiment, 140 asps were infected experimentally in order to determine whether the lack of larvae in asps noted by Moravec (2009) could result from fish resistance to larvae or whether it was due to an excessively low number of fish exposed to infection.
MATERIALS AND METHODS
Adult nematodes were obtained from the stomachs of cormorants shot over Lake Selment Wielki (Warmia-Masuria Province, Poland). Eggs of nematodes collected from the terminal sections of the uteruses of adult females were placed in physiological saline (0.9% NaCl) and incubated at 23°C until the larvae hatched. The development of eggs and infection of copepods followed the methodology described by Dziekońska-Rynko and Rokicki (2007b) .
The study was conducted on asps reproduced and bred at the Department of Lake and River Fisheries, University of Warmia and Mazury in Olsztyn, which were subjected to experimental infection. The fish (n = 140), with an average body weight of 7.9 g and length of 46.6 mm (longitudo corporalis), were divided into 2 groups of 70 fish each. Throughout the experimental period, the fish were kept in aerated aquariums (volume of 350 l), with a constant flow of water with a temperature of 16°C ±1. The first group of fish was administered to the aquariums larvae (second or third stage) hatched from eggs (ca. 1 500 larvae per fish) for 3 days, while the second group received for two days of previously infected copepods (Cyclops strenuus Fischer, 1851, Mesocyclops sp., about 40% prevalence of infection). Two days before the infection and after administration of the invasive material, the fish of both groups were deprived of feed, while afterwards they were fed a standard feed mixture called Nutra.
In weekly intervals, 7 fish were selected from each group for necropsy. Next, squashed specimens were prepared from each organ and nematode larvae were sought in the specimens with a microscope. The organs with larvae were then digested with a 1% solution of pepsin (Jackson et al. 1981) . Measurements of the larvae were taken with an Olympus type microscope using Multiscan v.4.2. software for digital image analysis.
The experiment was reviewed and approved by the University Research Ethics Committee (permission number 29/2009).
RESULTS
The results obtained for the prevalence and intensity of fish infections as well as for the location and length of the larvae are presented in Table 1 .
The mean prevalence of infection in the fish exposed to C. rudolphii larvae (Gr. 1) was ca. 68.5%, (14.3 -100%) and the intensity ranged from 1 to 53 larvae per fish. In the first week, live and active larvae were found both in the lumen and in the wall of the intestine in all fish examined. The mean length of larvae isolated from the intestinal wall was greater than that of the larvae revealed in the intestine's lumen. In the larvae isolated from the intestinal wall, the boring tooth, oesophagus and intestine were well visible, while the intestinal caecum and ventricular appendix were not detected. In the subsequent three weeks, the larvae penetrated the muscular layer of the intestine. After three weeks, the mean length of the larvae reached 737.14 ±293.61 µm and after four weeks it reached 806.40 ±391.67 µm. In the larvae measuring ca. 1000 µm in length, the boring tooth, a primordium of three lips, intestine, a 125.00 µm-long ventricular appendix and a 45.00 µm-long intestinal caecum were well developed. The distance between the nerve ring and the anterior end of the body reached 108.15 µm. During a necropsy performed in the fifth week of the study, not only active larvae but also immotile straight larvae or larvae with a slightly bent anterior extremity and coated with a thin sheath were visible in the intestinal wall. As a result of warming up during prolonged observation with the microscope, most of the larvae began to move and then to emerge from the theca. From the 6 th till the 8 th week, apart from a slightly encysted larva under the peritoneum, motile larvae were found in the body cavity and in the area of the liver. Larvae with a length of ca. 1500 µm had their boring tooth, primordia of three lips, 198.56 µm-long ventricular appendix and 82.45 µm-long intestinal caecum already well developed. During a necropsy performed in the 9 th week of the study, the larvae were detected in only two of the seven fish subjected to post mortem analysis, while in the 10 th week they were found in only one. Immotile larvae surrounded with a thicker transparent theca were found under the peritoneum.
The mean infection prevalence of asps administered with previously infected copepods (Gr. 2) reached 55.7%, and the intensity of infection ranged from 1 to 29 larvae per fish. One week after the administration of the first dose of infected copepods, larvae were found in the lumen and in the wall of the intestine in only two fish. In the second and third week of the experiment, motile larvae of C. rudolphii were found in the intestinal wall of the fish subjected to necropsy. The mean length of the larvae were 408.09 ±88.08 µm in the second week and 835.68 ±418.75 µm in the third week of the study. The larvae measuring ca. 1000 µm in length had a well-developed boring tooth, primordia of 3 lips, a well-developed 157.16 µm ventricular appendix and a 57.00 µm intestinal caecum and a length of 119.56 µm from the nerve ring to the anterior of their body. Apart from larvae that were actively penetrating the intestinal wall, autopsies performed between the 4 th and the 6 th week of the experiment revealed spirallycoiled larvae under the serous membrane of the intestine. Beginning in week 7, all larvae detected in the sectioned fish were spirally coiled, occurred under the serous membrane of the intestine and were surrounded with thick light-brown theca. After digestion of the theca, most of the larvae were motile. In the larvae measuring over 1900 µm in length, the distance between the nerve ring and the anterior end of the body was 153.46 µm, while the length of the ventricular appendix was 172.42 µm and that of the intestinal caecum was 87.81 µm. The mouth of the larvae was surrounded with three lips. Throughout the entire experimental period, in asps exposed to infected copepods, the nematode larvae were detected only in the intestinal wall or under the serous membrane of the intestine, whereas no larvae were revealed in either the body cavity or the internal organs. 
DISCUSSION
The results demonstrated that in the experimentally infected asps, the intensity and prevalence of infection as well as the location of the larvae in a fish depended on the type of invasive material applied.
The mean infection prevalence in the group of fish receiving larvae (Gr. 1) was higher (68.5%) than in the fish exposed to copepods (Gr. 2, ca. 55.7%). Similar results were obtained by Huizinga (1966) and Bartlett (1996) in their research with experimentally induced infection of guppies. Contrary findings were, in turn, reported in a previous study where goldfish with an average body weight of 20.02 g and mean length of 100.20 mm were experimentally infected (Dziekońska-Rynko et al. 2010). The prevalence of infection of the goldfish exposed to previously infected copepods was 85%, whereas in the fish administered larvae intragastrically it was 50%. The differences between the results obtained during experimental infection of the goldfish and results recorded in the present study are most likely due to the size of fish exposed to infections.
The type of invasive material applied was also found to have a significant effect on the development and location of the larvae in fish. In the present experiment, larvae were found under the serous membrane of the intestine in fish that were exposed to larvae. Beginning in the third week of the study they were also found in the body cavity and under the liver peritoneum. Throughout the entire experiment, the larvae found in the intestinal wall were usually straight or with a slightly bent anterior section of the body and were surrounded by a theca of connective tissue. The larvae isolated from the body cavity, intestinal mesentery and area of the liver were motile and devoid of theca. No spirally coiled and encysted larvae were found in any of the fish examined. Similar results were observed in our previous research addressing the development and location of C. rudolphii larvae in experimentally infected goldfish (Dziekońska-Rynko et al. 2010 ). In the group of fish infected with free-living larvae, the live larvae were detected in the body cavity, in the intestinal mesentery and in the area of the liver as early as the second week of the study. The results obtained in the reported experiment may be compared with the findings reported by Moravec (2009) , who after 21 days found non-encysted larvae in the intestine and liver of carps infected intragastrically with larvae. In contrast, necropsies performed from day 538 until day 566 demonstrated that all larvae revealed on the surface of the intestine, liver or swimbladder were encysted. Previous and current findings indicate that, irrespective of the size of fish, when infection is transmitted by larvae, a few of them remain in the intestinal wall, while the others penetrate into the body cavity and migrate to the intestinal mesentery or other internal organs (liver, swimbladder). After some time, the larvae become encysted and may survive in that state for up to 19 months (Moravec 2009 ).
In the fish exposed to the previously infected copepods, over the entire experimental period the larvae were detected in the intestinal wall or under the serous membrane of the intestine. In the first 3 weeks, mainly motile larvae were found in the intestinal wall, whereas beginning in the 4 th week some of the larvae were slightly stranded under the intestinal mesentery. Beginning in the 8 th week of the experiment, all larvae found in the fish were strongly coiled and firmly encysted, occurring in the form of light brown nodules with a slightly translucent larvae. They presumably remain in that form until penetrating into the final host. A similar location of larvae was reported in previous research with experimentally infected goldfish (Dziekońska-Rynko et al. 2010) . In contrast, differences in the location of the larvae are noted in studies conducted by Moravec (2009) with various species of fish exposed to experimentally infected copepods. In guppies subjected to necropsy between 49 and 122 days after infection and in carps subjected to necropsy between 14 and 442 days after infection, that author found irregularly stranded larvae or larvae with a slightly bent anterior extremity in the intestine, intestinal mesentery, fatty tissue and liver. In the other fish species, the larvae were in the intestine, whereas only in tench Tinca tinca (L., 1758) were they found in the intestinal mesentery. In that case, the fish were the second host, whereas the larvae colonizing bodies of copepods increased their length and their internal organs and became fully developed. According to Moravec (2009) , the length of the larvae isolated from experimentally infected copepods ranged from 435 to 450 µm, and their boring tooth and ventricular appendix (51-78 µm) were well developed, while their intestinal caecum was absent. In the opinion of the author, these larvae are invasive also to the final host. In one of the two young cormorants fed infected copepods, he found the larvae under the proventriculus mucosa 3 days after infection. In turn, Bartlett (1996) , who was analyzing morphogenesis of C. rudolphii larvae from different hosts, demonstrated that changes in the parasite during colonization of copepods are highly important from the perspective of its development and considerably increase its chance of harboring a new host. That period involves an increase in body size as well as the development of the ventricular appendix and secretory system.
In both groups of fish, the observed development of the larvae was very non-synchronous (Table 1 ). The length of the larvae from the fish exposed to larvae was always smaller than in fish exposed to the infected copepods. Live larvae were revealed a few weeks after infection. In terms of body length and advancement in the development of internal organs, they differed only to a negligible extent from the larvae that emerged from eggs (Gr. I) or those isolated from crustacea (Gr. II). Likewise, the asynchronous development of C. rudolphii larvae was observed in investigations by Huizinga (1966) and Bartlett (1996) addressing experimental infection of guppies and common mummichogs and in our previous study on the experimental infection of goldfish (Dziekońska-Rynko et al. 2010 ). The body length of larvae isolated by Bartlett (1996) from experimentally infected guppies on day 87 of the experiment ranged from 0.8 to 2.9 mm. As in the study by Huizinga (1966) , on day 18 following the experimental infection of common mummichogs, the body length of the isolated larvae ranged from 201.6 to 1901.6 µm.
The development of internal organs in the larvae isolated from the examined asps proceeded similarly to that of larvae isolated from other fish (Huizinga 1966 , Bartlett 1996 , Dziekońska-Rynko et al. 2010 ). In the larvae with an average body length of 1262.75 µm, isolated from common mummichogs infected with copepods (Huizinga 1966) , the average distance of the nerve ring from the anterior extremity was 105.09 µm, the length of the ventricular appendix was 179.03 and the intestinal caecum was 65.64 µm. In a study by Dziekońska-Rynko et al. (2010) , in larvae with a body length of ca. 1000 µm isolated from goldfish infected with copepods, the mean distance between the nerve ring and the anterior extremity reached 129.16 µm, the mean length of the ventricular appendix was 142.56 and that of the intestinal caecum was 40.00 µm. The results of this experiment are comparable with those reported by Moravec (2009) , where the body length of the larvae isolated from fish between 538 and 553 days following infection ranged from 3.97 to 4.87 mm, and the distance between the nerve ring and the anterior extremity ranged from 171 to 219 µm. The length of the ventricular appendix ranged from 449 to 552, and that of the intestinal caecum from 294 to 318 µm.
Similar sizes and advancement in the development of internal organs was found in larvae isolated from naturally infected trouts (Salmo trutta L., 1758) (Torres, Cubillos 1987) . The body length of the larvae ranged from 1.43 to 2.82 mm (1.98 mm on average), the mean length of the caecum was 0.149 mm and that of the ventricular appendix was 0.274 mm. The mouth of the larvae was surrounded by three lips with a clearly visible boring tooth, and the mean distance between the nerve ring and the anterior end of the body was 0.041 mm.
In the fish infected under natural conditions, some differences were also observed in the location of the larvae, which may indicate various sources of nematode infections. In the case of trouts from the Rio Valdivia, Torres and Cubillos (1987) detected encysted larvae of C. rudolphii only in the intestinal wall. In other fish from that river, Cauque mauleanum (Steindachner, 1896), Basilichthys australis Eigenmann, 1928, Galaxias maculates (Jenyns, 1842) and Oncorhynchus mykiss (Walbaum, 1792) for example, the larvae were also isolated from intestinal mesentery (Torres et al. 2000) . Kvach (2005) isolated encapsulated larvae of C. rudolphii from the intestinal mesentery of two fish species from the Black Sea, N. melanostomus and Mesogobius batrachocephalus (Pallas, 1814), whereas Pronkina and Belofastowa (2005) isolated non-encysted larvae of C. rudolphii from the bile ducts of the golden grey mullet Liza aurata (Risso, 1810), also from the Black Sea. Finally, Szostakowska and Fagerholm (2007) detected encysted larvae in the intestinal mesentery of round gobies from the Gulf of Gdańsk, as well as in the intestinal lumen and wall, the intestinal mesentery and the liver area of Crucian carps from Lake Selment Wielki.
Direct infection of fish with larvae under natural conditions is possible, yet highly unlikely owing to their small size and great dispersion, which has been confirmed in previous investigations (Dziekońska-Rynko et al. 2008) . Nevertheless, different locations and the detection of non-encysted larvae in the fish infected under natural conditions may prove that such a mode of infection transmission is possible. Fish feeding very close to the bottom of aquifers may become infected by eating eggs or nematode females filled with eggs that are excreted with the feces of cormorants (Szostakowska, Fagerholm 2007) . Moravec (2009) claims that the developmental cycle of C. rudolphii may proceed without intermediate hosts (monoxenic development). The aquatic invertebrates (Copepoda, Insecta) serve only as paratenic hosts, and in the vital cycle are indispensable only from an ecological point of view. Likewise, fish serve only the role of paratenic or metaparatenic hosts, and the transfer of larvae into predatory fish is impossible. Their presence in the developmental cycle is not necessary for harboring and completing the developmental cycle in the body of the final host.
The results obtained in this study and the findings of other authors support the conclusion of Køie (1993) that in most of the Anisakidae and selected nematodes of the family Raphidascaridae (Hysterothylacium aduncum Rudolphi, 1802) the developmental cycle proceeds in a similar way; the first two moults proceed partially or completely within an egg. The dispersion stage of the parasite are II or III stage larvae hatching from eggs that are surrounded by the cuticle of the preceding larval stage. The next moult proceeds in the intermediate host, served by e.g. crustacea. In the next cycle, a fish is a paratenic host and the larvae (III or IV stage) become firmly encapsulated. In turn, when the source of infection is free-living larvae hatched from eggs, a fish is the first host and the larvae (II or III stage) do not become encysted.
